We report a method of controlling field-emission patterns from an isolated single-walled carbon nanotube ͑SWCNT͒ rope. By positioning two soda-lime glass flakes on both sides of a SWCNT rope, we found an anomalous current jump, enlarging the field emission current above the threshold bias voltage. The electron trajectories were systematically controlled with different configurations of glass flakes. This was explained by the induced charges on the surface of the dielectric that modified the electric field distribution near the cathode and anode, and hence, the electron trajectories and the field emission patterns as well. This opens a possibility of tuning electron beam trajectories in field emission that can be applied to various electron sources such as field emission displays and cold cathode lamps. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1993764͔
Carbon nanotubes ͑CNTs͒ have generated enormous research interest in field emission due to their superior properties of high aspect ratio, nanoscale radius of curvature, chemical inertness, and mechanical stiffness. Other than high emission current density and reasonable operation voltage, controlling electron beam trajectories is another essential issue for CNT field emitters used in field emission display ͑FED͒, cold cathode lamp, x-ray tube, vacuum microwave amplifier, and electron gun for scanning electron microscopy ͑SEM͒. Some triode structures with various gate types for beam focusing have been developed to reduce the inherent spreading of electron beam trajectories in FEDs and x-ray generators.
1-8 A reflective-type structure has been also proposed, where both anode and CNT field emitters were manufactured on the same bottom plate. 9 However, these approaches require a very complicated fabrication process and the emission current density is not high enough particularly for some applications in an x-ray generator and a microwave amplifier. The issue here is how to obtain a high current source and how to control the beam trajectories in general.
In the present work, we report a tractable method to control the electron trajectories in a diode structure by positioning dielectric plates such as soda-lime glass flakes near the CNT field emitter. A macroscopically long rope of aligned single-walled carbon nanotubes ͑SWCNTs͒ was employed as a field emitter, which could produce a large emission current in an order of milliampere at low field strength. Using this method, we were able to control the fieldemission patterns in a desired area and shape, along with the enhanced emission current. The pattern control by the presence of dielectric material near the field emitter was explained in terms of modified electrical field lines.
Macroscopically long ropes of SWCNTs were synthesized by a hydrogen-argon arc discharge. 10 Briefly, under hydrogen and argon gas ambient, the electric arc was operated with a direct current of 100-120 A between a graphite-rod cathode and a cylindrical graphite anode, which was made up of an evenly dispersed mixture of graphite powder, catalysts, and growth promoter. Lightweight, freestanding ropes of SWCNTs with a length up to 10 cm and a diameter of typically 60-200 m were easily separated from the asprepared product. SEM observations showed that SWCNT ropes were made up of tightly packed, soundly aligned, and long-streaked nanotube bundles, as shown in Fig. 1͑a͒ . The self-aligned thick SWCNT rope made it feasible to achieve great numbers of SWCNT tips after a simple razor cut into a desired length for field emission, as shown in Fig. 1͑b͒ . Although some transition metals were still present in the rope ͑ϳup to 10 wt %, determined from thermogravimmetric analysis͒, most tip morphologies after the razor cut did not reveal the existence of catalysts at the tip. Figure 1͑c͒ shows the diode structure that we used to measure the field emission characteristics of SWCNT rope. Indium tin oxide ͑ITO͒ glass coated with phosphor film was employed as an anode to collect emitted electrons and to demonstrate the corresponding field emission patterns. A freestanding SWCNT rope with a length of 5.95 mm was positioned perpendicularly onto the cathode with a space gap of 6.95 mm between the cathode and the anode. In order to control the distribution of the emission patterns, dielectric materials such as glass flakes were positioned near the SWCNT rope. The diode structure was transferred into a vacuum chamber, where the working pressure was typically In our experiments, we define the turn-on field ͑E to ͒ as a field strength where the linear region starts in FowlerNordheim plots. This value was as low as 0.04-0.09 V / m and generally obtained from the individual SWCNT rope that we used ͑about 100 m in diameter͒. The turn-on field also showed a strong dependence on the aspect ratio of the SWCNT rope, which is closely related to the experimental field enhancement factor ͑␤͒. 11 The open circles in Fig. 1͑d͒ indicate I-V characteristics of the isolated SWCNT rope in the absence of glass flakes, in which the emission current increased monotonically with the applied voltage. Next we symmetrically positioned the SWCNT rope between two glass flakes ͑12ϫ 9 ϫ 1 mm in size͒ with a separation gap of 5.35 mm, as illustrated in Fig. 1͑c͒ . An intriguing phenomenon in the presence of glass flakes ͓Fig. 1͑d͔͒ was observed at high voltage region, where the emission current ͑filled squares͒ increased abruptly from 46 to 150 A. Coincidently, the emission pattern was found to expand dramatically along the direction of glass flakes, as shown in Figs. 2͑g͒ and 2͑h͒. As a comparison, the emission pattern in the absence of glass flakes was found to spread gradually from several spots to a circular one over a small region ͓Figs. 2͑a͒-2͑d͔͒. This phenomenon, along with the shift of the I-V curve, strongly suggests that the electron trajectories were strictly modified due to the redistributed electric field lines in the presence of glass flakes.
What we have observed so far can be understood in terms of induced charges at the dielectrics and anode, as schematically drawn in Fig. 3 . In the absence of dielectrics, the distribution of positive charges on the anode will follow, to the simplest approximation, the power law ͑dotted line͒ in terms of the distance from the center. On the other hand, the presence of dielectrics on the cathode brings forth induced charges on the surface of dielectrics and anode, and more importantly the charge distribution is focused at the corner of dielectrics and, hence, induced positive charges at the anode ͑solid line͒. At low bias voltage, the positive charges at the corner of dielectrics that are induced mostly by the negative charges at the tip lower the emission current by the attractive interactions between them. In this case, the effect of redistributed positive charges at the anode may be negligible due to the large separation distance between the anode and the dielectric. On the other hand, at high bias voltage, the redistributed total positive charges ͑free excess charges plus induced charges͒ at the anode will play a dominant role for field emission. The induced positive charges at the anode will be spread over the extended region due to the corresponding negative induced charges at the dielectrics. The electrons will then fly over to this extended region. This will expand the field emission patterns as demonstrated in Fig. 2 . The electron spreading over the large region of the anode gives less space charging effect, therefore resulting in a higher emission current.
We further demonstrate the controlling capability of electron beam trajectories in Fig. 4 . The circular pattern in the absence of glass flakes can be modified consistently by the presence of various patterns of glass flakes near the SWCNT rope. We can visualize the spindle pattern by placing two stripes, diamond-like pattern with four stripes, and hexagram with six stripes ͓Figs. 4͑b͒-4͑d͔͒. We note that the electron beam is confined to the end of the glass flakes and the intensity at the edges is much higher than that at the inner area due to the accumulation of larger induced charges at the FIG. 1. ͑a͒ SEM morphology of an aligned distribution of SWCNT bundles in the as-prepared SWCNT rope; ͑b͒ SEM morphology of typical cross section of the SWCNT rope; ͑c͒ schematic diagram of the diode structure with an isolated SWCNT rope field emitter; ͑d͒ shift of the I-V characteristics from a SWCNT rope with a length of 5.95 mm at the presence of two glass flakes ͑12ϫ 9 ϫ 1 mm in size͒. edges. We also placed a flower-like Cu film on the glass flakes but the total thickness was still maintained equally to that of the previous glass flakes. The similar flower-like pattern was observed in Fig. 4͑e͒ . The pattern can also be modified with a square Cu film similar to the glass flakes ͓Fig. 4͑f͔͒. We also used ITO glass and observed a similar pattern in Fig. 4͑g͒ . When one of the ITO glass flakes was grounded, we found that the corresponding pattern disappeared ͓Fig.
4͑h͔͒. This excludes a possibility of having the emission current path from the sidewall of the rope through the additional layers. Again, this strongly supports our conclusion that the electron beam trajectories can be controlled by the different induced charge distribution in the insulator ͑or conductor͒ at the cathode and correspondingly at the anode. The technical implication in controlling electron beam trajectories is straightforward. In normal gate structures, the presence of a large area of electrically floating gate metal separated by an insulator from the cathode intrinsically diffuses the electron beam away from the center, diminishing the color resolution in the CNT-FED. Therefore it is necessary to design a smaller gate area to minimize such a beam expansion. On the other hand, in applications of CNT emitters to the planar liquid-crystal-display backlight and lamp, the beam expansion due to the presence of additional insulating layers can be advantageous for having a uniform light emission with enhanced brightness.
In summary, with the assistance of dielectric materials, we have successfully controlled the electron trajectories from an isolated SWCNT rope and observed an abrupt current jump that enhanced the emission current significantly. The detailed studies of pattern formation and I-V characteristics suggested that the presence of dielectric materials near the field emitter significantly modified the induced charge distribution at the anode and, hence, electron beam trajectories. This investigation will be good guidance in resolving the beam focusing issue of the FED and having uniform emission patterns in many applications of field emitters.
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